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Abstract
Two photon processes are a wonderful by-product of an
e+e− collider at any energy. Two photon reactions probe the
very structure of matter. A machine operating below 2 GeV
has the potential to reveal the Higgs sector of the strong
interaction — the scalars with vacuum quantum numbers
that reflect dynamical mass generation from the breakdown
of chiral symmetry. One of the many e+e− machines around
the globe must have a dedicated γγ facility.
INTRODUCTION
When two charged leptons approach each other and they
each feel each other’s electromagnetic field, there is a prob-
ability that they each radiate a photon and these collide to
produce hadrons, Fig. 1. Because of the dynamics of the
photon propagator, the most likely situation is that these
photons are as close to mass-shell as possible. Since we
know the nature of the lepton-photon vertices, we can fac-
tor these off and as on the right hand side of Fig. 1 learn
about real two photon interactions.
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Figure 1: Charged leptons colliding produce two photon reac-
tions, where the photon momenta q1, q2 are very nearly on-shell.
Why do we want to do this? Because we want to learn
about the Higgs sector of the fundamental interactions.
Once the Higgs of electroweak symmetry breaking has
been discovered at the LHC, the next step is to study its
properties in detail. Consequently, at the Next Linear Col-
lider there are ingenious plans to generate two photon in-
teractions to probe the nature of this Higgs. At lower en-
ergy e+e− colliders we can study the Higgs sector of the
strong interaction. There the scalar or scalars are responsi-
ble for the breaking of chiral symmetry, for the generation
of constituent quark masses and consequently the masses
of all light hadrons. As we shall recall, there appears not
one such Higgs, but a whole series of scalars with vacuum
quantum numbers that overlap with each other in a complex
way. Of course, this may well be a guide to what the Higgs
sector of electroweak symmetry breaking may be like too.
The reach of two photon physics clearly depends on the
energy of the e+e− collider and the precision possible de-
pends on the luminosity available. The probability of two
photon collisions increases with the square of the logarithm
of the energy. A machine running at just 750 MeV to 1 GeV
per beam allows a number of key channels to be explored:
individual hadron states like the pi0, η and η′, and crucial
two body channels, pipi, pi0η and KK. What do we learn
from these?
INDIVIDUAL MESONS
We start by modelling the formation of individual quark
model states in two photon collisions by a simple quark ex-
change picture, Fig. 2. Then the rate depends on the square
of the average squared charge of the constituent quarks
times the probability that quarks are created. In the non-
relativistic quark model this probability is proportional to
the square of the wavefunction at the origin. Since the pi0,
η and η′ are all made of the same quarks, the mean charges
squared are of the same magnitude and so we might expect
their rate of formation to be similar. Yet experiment tells us
Γ(pi0 → γγ) : Γ(η→ γγ) : Γ(η′ → γγ) ' 1 : 60 : 500 .
To understand this, it is not greater experimental preci-
sion that we need, but rather genuine non-perturbative cal-
culations of confined quarks that explain, rather than just
model [1], this strong dependence ( ∼ M 3PS ) on the pseu-
doscalar (PS ) mass. To this end we need to put together
studies of the quark propagator with calculations of how a
quark and antiquark build bound states within QCD [2].
Figure 2: Creation of a neutral meson composed of a qq pair by
two photons. As a Feynman graph, a contribution interchanging
the two photons must be added to respect gauge invariance.
EXCLUSIVE REACTIONS
It is in two body channels that the remarkable power of
two photon reactions to probe the structure of matter comes
into its own. In Fig. 3 is shown the measured γγ → pipi
cross-section [3, 4, 5, 6, 7] in both the charged and neutral
pion case with a c.m. energy from threshold to 2.5 GeV.
Let us look at the dynamics that underlies these cross-
sections. Think about the process from the crossed-channel
perspective. At low energies, when the photon has long
wavelength, it sees the whole hadron and couples to its
electric charge. Consequently the charged pion cross-
section is large, while that for neutral pions is small. How-
ever, as the energy goes up, the wavelength of the photon
shortens and it recognises that the pions whether charged
or neutral are made of the same constituent quarks and
can cause these to resonate. As a result dominating the
cross-sections of Fig. 3 is the well-known qq resonance,
the f2(1270) — having spin-2 it is readily created by two
spin-1 photons. As the energy increases further, the photon
has still shorter wavelength and instead of seeing dressed
or constituent quarks, it couples to almost bare or current
quarks. As shown first by Brodsky and Lepage [8], these
interactions can be calculated perturbatively in QCD. Pre-
dictions are in reasonable agreement with experiment al-
ready at 2 GeV, as seen in the inset in Fig. 3.
Within just a short energy range the photon reveals dy-
namics on three different scales, Fig. 3. At the lowest en-
ergies the photon couples to the whole hadron. There pion
interactions are governed by chiral dynamics and this is
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Figure 3: Cross-section for γγ → pipi integrated over | cos θ| ≤ z0.
Solid circles are for pi+pi− from Mark II [3] with z0 = 0.6. Solid
triangles are the sum of pi+pi− and K+K− from CLEO [4]. The
open circles and squares are pi0pi0 from Crystal Ball with respec-
tively z0 = 0.8 [5] and (above 0.825 GeV) z0 = 0.7 [6]. The
inset displays the higher energy data on pi+pi− (and K+K−) from
Mark II [7] for two ranges of cos θ, together with a theoretical
prediction from [8]. Below are graphs representing the dominant
dynamics in each kinematic region, as described in the text.
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Figure 4: Integrated cross-section for γγ → pi0pi0 as a function
of the pipi invariant mass E. The data are from Crystal Ball [5]
scaled to the full angular range by a factor of 1.25. (a) shows
the prediction of Chiral Perturbation Theory at one loop order,
labelled χPT (1`) [9]. (b) shows the dispersive prediction [12, 13].
The shaded band reflects the uncertainties in current experimental
knowledge of both pipi scattering and vector exchanges. (c) shows
the dispersive band of (b) together with the prediction of Chiral
Perturbation Theory at two loops, χPT (2`) [15], with its shaded
band reflecting the uncertainty in the determination of the higher
order parameters in the chiral Lagrangian.
embodied in Chiral Perturbation Theory (χPT). The pro-
cess γγ → pi0pi0 has no Born contribution, so the lowest or-
der contributions are one loop graphs, the sum of which is
finite. This gives the prediction shown in Fig. 4(a), which
rises almost linearly with energy [9] and agrees with the
only available data from Crystal Ball [5] at just a couple
of energies. Since this prediction was advertised as a gold-
plated test of χPT [10], the conclusion by some at the time
of the DAΦNE-I proposal [11] was that the data must be
wrong. However, one can calculate the cross-section non-
perturbatively using dispersion relations. This is possible
because γγ can go to pi+pi−, a process dominated by its
Born term at low energies, and then the pi+pi− can scatter
and go to pi0pi0 through final state interactions that are cal-
culable. This cross-section was computed by David Mor-
gan and myself [12, 13] and found to be in agreement with
experiment, Fig. 4(b). Since “χPT never misses” to quote
Meißner [14], the problem must be with lowest order of
perturbation theory.
One loop χPT for γγ → pipi involves just tree level pipi
interactions and one can easily see that this alone does
not accurately reproduce the experimental I = 0, 2 S -wave
phase-shifts [13] that are included in the dispersive calcu-
lation. By going to two loop χPT, Bellucci, Gasser and
Sainio [15] found far better agreement with the Crystal Ball
data, Fig. 4(c), within the uncertainties in the higher order
constants. This diffused the need to re-measure this cross-
section, at least below 500 MeV. However, above the near
threshold region neither dispersion relations nor higher or-
der χPT can be reliably computed and we need data. This
is not surprising, since only experiment can determine the
two photon coupling of resonances, which are a key guide
to their constitution.
The resonances with scalar quantum numbers to be
found up to 1.8 GeV in the pipi channel are shown in Fig. 5.
They are the f0(400 − 1200) (or σ), f0(980), f0(1370),
f0(1500) and f0(1710). What the couplings of these scalars
to γγ are will help to unravel which scalar plays what role
in the breaking of chiral symmetry, which is a glueball,
which is largely qqqq and which qq, and how these reflect
the properties of the QCD vacuum.
Figure 5: The modulus squared of the pipi→ pipi I = J = 0 partial
wave amplitude, T , indicating the positions of the putative states.
To deduce the radiative widths of resonances, and so gain
a handle on their composition, requires a clean separation
of data into spin components. With existing data, Fig. 3,
the coupling of the f2(1270) is most constrained, since it
dominates the cross-section. However for the scalars that
lie underneath this large tensor signal, the uncertainties are
large. Without amplitude separation, only with imagina-
tion can one see the f0(980) is there in Fig. 3. If one had
data on interactions with polarized photons and complete
angular coverage of the hadron final state, a true amplitude
analysis would be relatively straightforward. However, we
have no polarization information and coverage of typically
60%, and at best 80%, of the angular range in cos θ (Fig. 3).
It is only for the pipi final state that one can find sufficient
other constraints to make a partial wave separation possi-
ble. γγ → pi+pi− is dominated by the Born term at low ener-
gies (Fig. 1), as we already commented modified by calcu-
lable final state interactions. Moreover unitarity relates the
γγ process to other hadronic reactions, on which we may
have precise experimental information. Below 1.4 GeV
or so, before multipion channels start to become impor-
tant, just the pipi and KK intermediate states are all that are
needed to impose unitarity. One can thus make up for the
inadequacies of the two photon information by incorporat-
ing hadronic scattering data into the codes. Even then such
an analysis is only possible if data on both pi+pi− and pi0pi0
final states are included simultaneously. Following earlier
studies with David Morgan [16], Elena Boglione and I [17]
Figure 6: Contributions of the individual partial waves, labelled
as Jλ (where J = spin and λ = helicity) to the integrated I = 0
γγ → pipi cross-section describing the data of Fig. 3, from the
Amplitude Analysis of [17]. (a) is for the so called dip solution,
(b) for the peak solution. The radiative widths of the correspond-
ing resonances are given in Table 1. The peak close to threshold
is due to the pi-exchange Born contribution.
have completed such an Amplitude Analysis. This reveals
two solutions differentiated by whether the f0(980) appears
as a peak or as a dip, Fig. 6. For each of these solutions, one
can deduce the radiative widths of the f2(1270), f0(980)
and f0(400 − 1200). These are listed in Table 1.
In each solution there is a sizeable I = 0 S –wave signal
through the f2 region, required by the difference in shape
of the 1270 MeV peak in the pi+pi− and pi0pi0 modes, seen
Γ(γγ) keV
solution f2(1270) f0(980) f0(400/1200)
dip 2.64 0.32 4.7
peak 3.04 0.13 − 0.36 3.0
Table 1: Radiative widths of states contributing to γγ → pipi
below 1.4 GeV for the two solutions (dip and peak) found in the
Amplitude Analysis of [17].
keV nn ss KK
Γ(0++ → γγ) 4.5 0.4 0.6
Table 2: How the predicted γγ width of scalars in the 1–1.3 GeV
region depends on their composition [18, 16].
in Fig. 3. This S –wave signal (Fig. 6) is attributed to the
f0(400 − 1200) with its radiative width given in Table 1.
For the scalars, these widths should be compared with
the predictions in Table 2 for different compositions. One
sees that for the f0(400 − 1200), the γγ width is consistent
with that for a non-strange qq state, i.e. nn ≡ (uu+dd)/
√
2,
while the two photon width of the f0(980) is compatible
with Barnes’ calculations [18] for either an ss or KK–
molecular composition. In reality the f0(980) is likely to
have a complicated Fock space, in which both ss and KK
components feature strongly [19]. How to calculate the γγ
coupling of such complexes is as yet unknown [20]. Nev-
ertheless, precision two photon information, differential as
well as integrated cross-sections, can distinguish between
these solutions. CLEO took such data some time ago, but
unfortunately these have never been finalised.
What about the higher mass scalars such as the claimed
glueball candidates f0(1500) and f0(1710) [21, 22, 20]
shown in Fig. 5? Only by extending Amplitude Analyses
up to higher masses can one be certain of separating an
S –wave signal out from under the larger D–wave compo-
nents and so deduce meaningful results for how small the
radiative widths of these states might be. Even if they are
glueball candidates, they are unlikely to be pure glue, but
inevitably mix with the nearby qq multiplet(s). As soon
as this happens, these states cease to have tiny radiative
widths, but have those typical of qq scalars, cf. Table 2.
The challenge for the future is for one of the many e+e−
colliders round the globe to have a dedicated two photon
team committed to delivering accurate measurements, from
which the two photon widths of all the low mass scalars
can be deduced. This requires the study of all accessible
final states, pi0pi0, pi+pi−, K+K−, K0K
0
, 4pi (as well as pi0η
to understand the related I = 1 sector) with as large an
angular coverage as possible. Combining this information
with reliable predictions from non-perturbative QCD of the
two photon couplings, we can then expect to determine the
composition of these key hadrons. Only then will we un-
derstand the nature of the light scalar mesons, a nature and
composition that is intimately tied to the structure of the
QCD vacuum — both qq and glue. So while at an upgraded
e+e− collider, like the φ-factory DAΦNE, one searches the
copious kaon events to find decays in modes with miniscule
branching fractions to learn what lies beyond the Standard
Model, the prospect exists to use the tedious waiting time
to expose the structure of the vacuum of the strong inter-
action that shapes the femto-universe and keeps quarks and
gluons confined — a task for which a two photon capability
is essential.
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